We report the first experimental gas-phase observation of an asymmetric, trans N 2 O 4 formed by the dimerization of NO 2 . In additional to the dominant O substitutions, as well as several multiply substituted isotopologues. These transitions were used to determine a complete substitution structure as well as an r 0 structure from the fitted zero-point averaged rotational constants. The determined structure is found to be that of an ON-O-NO 2 linkage with the shared oxygen atom closer to the NO 2 than the NO (1.42 vs 1.61 Å). The structure is found to be nearly planar with a trans O-N-O-N linkage. From the spectra of the 14 N 15 NO 4 species, we were able to determine the nuclear quadrupole coupling constants for each specific nitrogen atom. The equilibrium structure determined by ab initio quantum chemistry calculations is in excellent agreement with the experimentally determined structure. No spectral evidence of the predicted asymmetric, cis N 2 O 4 was found in the spectra. 
O 4 species, rotational transitions have been observed for all species with single 15 N and 18 O substitutions, as well as several multiply substituted isotopologues. These transitions were used to determine a complete substitution structure as well as an r 0 structure from the fitted zero-point averaged rotational constants. The determined structure is found to be that of an ON-O-NO 2 linkage with the shared oxygen atom closer to the NO 2 than the NO (1.42 vs 1.61 Å). The structure is found to be nearly planar with a trans O-N-O-N linkage. From the spectra of the 14 N 15 NO 4 species, we were able to determine the nuclear quadrupole coupling constants for each specific nitrogen atom. The equilibrium structure determined by ab initio quantum chemistry calculations is in excellent agreement with the experimentally determined structure. No spectral evidence of the predicted asymmetric, cis N 2 O 4 was found in the spectra.
Introduction
There is a rich chemistry of compounds formed from nitrogen and oxygen, 1, 2 which have the general chemical formula N x O y , and for each such formula, there are often multiple isomers; the spectroscopic literature on these compounds has been summarized in reviews by Melen and Herman 3 and by Laane and Ohlsen. 4 This class includes many molecules with unusual chemical bonding -two of the most common stable free radicals, NO and NO 2 , are of this family. The nature of the chemical bonding in many N x O y molecules is a challenge to both elementary chemical models as well as quantum chemistry due to the strong electron correlation effects often found in these molecules and the symmetry-breaking problems that plague NO 2 and NO 3 . [5] [6] [7] [8] In addition to their intrinsic chemical interest, these molecules play important roles in combustion, 9 atmospheric chemistry, 10, 11 and biology. 12 The equilibrium between NO 2 and its covalently bound dimer, N 2 O 4 , is well known to most chemistry undergraduate students from lecture demonstrations or laboratory exercises. 13 This is one of the few equilibria between common gases that has an equilibrium constant at ambient temperature (K p = 4.7 bar -1 @ 30°C) 14 such that both species are present in sizable concentrations.
In addition, the fact that the NO 2 monomer is a brown gas and N 2 O 4 colorless makes qualitative shifts in concentrations easily observable. The most stable form of nitric dioxide dimer, s-N 2 O 4 , is planar with D 2h symmetry. 15 This structure has a center of inversion symmetry and thus is nonpolar; no pure rotational spectrum is expected. Accurate gas phase structural parameters for this dimer are known from electron diffraction 16 and from high resolution IR spectroscopy. 17 The NO bond length, 1.190(1) Å, and ONO bond angle, 135.4(5)°, are close to those of the NO 2 monomer and the N-N bond length, 1.782(8)Å, is long for a covalent bond. 16 A crystal structure, as a function of temperature, is also known. 15, 18 Fateley, Brent, and Crawford 19 reported the first IR matrix spectrum of N 2 O 4 in 1959. In addition to transitions assigned to the D 2h structure, they assigned features to higher energy isomers. Three bands, labeled C, were assigned to a structure of D 2d symmetry for which the planes of the two NO 2 groups are rotated by 90° to one another. They also assigned four peaks, [24] [25] [26] and Raman [27] [28] [29] matrix isolation studies, including temperature annealing and photochemistry experiments of NO 2 doped in multiple matrix hosts. Isomers of a peroxide form, ONOONO, have also been predicted. 30, 31 The asymmetric forms of N 2 O 4 have been proposed as intermediates in the oxidation of NO to NO 2 26 and conversion of NO 2 to HNO 3 . 32 In polar solutions, the asymmetric N 2 O 4 has been predicted to lead to the formation of 33 There has not been, up to the present work, any gas phase experimental evidence for any of the asymmetric N 2 O 4 species, despite earlier assignments in matrix spectroscopy and their important predicted chemical roles. In this work, we report the microwave spectrum of the trans (D′) asymmetric N 2 O 4 and derive its structure from isotopic substitution. We did not observe transitions that could be assigned to the predicted cis asymmetric N 2 O 4 species.
There have been many quantum chemical calculations published on the lowest singlet N 2 O 4 potential energy surface, done at a wide range of theoretical methods. In one of the first, Liu and Zhou 34 found that the D 2d structure is unstable and corresponds to the barrier for internal rotation around the N-N bond of the D 2h structure; this has been confirmed by later calculations 30 35, 36 and experiments. 37, 38 The most thorough previous calculation is a determination of the minima and transition states between them published by Liu and Goddard 5 using a range of models. Stationary points were located using UB3LYP/G-311G*+ calculations, and they examined the stationary points at various levels of theory, including basis set size extrapolation. They report that two NO 2 molecules can come together on the ground, singlet, electronic surface with no barrier to form the symmetric dimer, with D e = 16.5 kcal/mol at the RCCSD(T)/CBS level. They predict G 0 298 = -1.2 kcal/mol for the dimerization reaction, compared to an experimentally determined value of -1.14 kcal/mol. 14 The trans-asymmetric dimer was found to be the second most stable structure with D e = 7.9 kcal/mol (G 0 298 = 5.3 kcal/mol), followed by the cis asymmetric dimer with D e = O 2 samples, and these were used to prepare isotopically enriched samples, which allowed determination of a complete substitution structure. This work was extended by measurements done on a Balle-Flygare (cavity) Fourier transform microwave spectrometer that covered a lower frequency region and also provided improved spectral resolution, allowing the analysis of the nuclear quadrupole hyperfine structure. This spectrometer was used to observe the spectra N 2 O 4 formed from of an 15 N enriched sample of NO 2 . This allowed the complete structure to be determined by Kraitchman's equations as well as an unambiguous assignment of the nuclear quadrupole coupling constants for the two distinct N atoms in the structure. 
Experimental
The initial experiments were performed on a 18 -26.5 GHz CP-FTMW spectrometer that was developed by the Pate group at the University of Virginia. 42 The gas sample used in this phase of the work was made using an isotopically labeled NO 2 mixture containing N The N 2 O 4 spectrum was also observed with the Balle-Flygare FTMW instrument at Amherst College. [43] [44] [45] [46] This allowed extension down to lower frequency transitions and increased resolution, which was useful for assignment of the N-14 hyperfine structure. A gas mixture of 0.2% NO 2 in 1.7 bar of Ar gas was expanded through a 0.8 mm diameter nozzle. The FID after each microwave excitation pulse was digitized at 10 MHz and sampled for 2048 points. 
Calculations
Equilibrium structures, force constants and properties were calculated for the cis and trans dimer structures as well as the symmetric D 2h isomer with coupled-cluster theory in the singles, doubles and perturbative triples (CCSD(T)) approximation. 47 All isomers were studied with the polarized double-zeta atomic natural orbital basis designated as ANO0; 48, 49 the trans structure featured in this work and the symmetric dimer were also studied with the polarized triple zeta basis ANO1.
Equilibrium structures and first order properties (dipole moments and quadrupole hyperfine coupling constants) were determined using analytic energy gradients, 50 and numerical differentiation of energy gradients were used to determine the harmonic and anharmonic force fields. Efforts to determine a so-called ``semi-experimental'' (equilibrium) structure via using the frozen-core approximation.
Results
Looking at the full chirped-pulse spectrum, various features of known species including several isotopic forms of N 2 O 3, HNO 2 , and HNO 3 were assigned. [54] [55] [56] [57] [58] [59] These species, formed from impurities in the sample, accounted for the strongest lines in the spectrum. A rotational temperature of ~1 K is estimated based upon the relative intensities of these transitions. Using the ab initio rotational constants as a starting point, transitions were assigned to the trans-ONONO 2 structure, including singly and doubly O isotopologue measurements were taken from the chirped-pulse data, and all have their centrifugal distortion constants fixed to those of the parent isotopic species. The set of internal coordinates calculated from these Cartesian coordinates is called the substitution structure (r s ). As is well known, when an atom is nearly on one of the axes, Kraitchman's equations will often determine a negative value for the square of the distance, due to the neglect of vibration-rotation interactions. An alternative procedure is to directly fit a set of internal coordinates to all the moments of inertia calculated from the ground state rotational constants of the twelve observed isotopic forms, neglecting vibrationrotation interactions, which gives what is known as the r 0 structure. We used a program by Z.
Kisiel to do this nonlinear least squares fit. 63, 64 In the case of t-N 2 O 4 , we fit five bond lengths, four bond angles, and three dihedral angles, which completely define the structure and then these were used to calculate Cartesian coordinates. The rms of the fit of the moments of inertia was Table 3 compares the equilibrium internal coordinates and Table 4 lists the equilibrium Cartesian coordinates calculated by B3LYP-D2, and CCSD(T)/ANO1 with the values determined from Kraitchman's equation and the r 0 fit. All four sets of structural parameters are in excellent agreement. The r 0 structure is shown in Figure 3 . The CCSD(T)/ANO1 structure agrees better with the experimentally determined structures than the B3LYP-D2 structure. The r 0 structure is also in better agreement with the theoretical r e structure than the substitution structure. While the overall structure is slightly nonplanar, the NO 3 unit is very nearly planar. It should be noted that the experimentally derived structures, both r s and r 0 , are effected by vibrational-rotation interactions. The differences of the r 0 and the CCDD(T) r e structures are within differences expected due to zero point motion.
__________________________________________________________________________ Figure 3 The trans-N 2 O 4 dimer structure as determined by r 0 analysis. As in Figure 1 , the solid spheres are the experimentally determined positions while the semitransparent refer to the B3LYP-D3 calculated geometry.
Parameter

B3LYP-D3
CCSD(T)/ANO1
Kraitchman r 0 Bond Length / Å N1-O2 Table 3 . The r 0 values come from a fit of all twelve observed isotopic forms, using the program STRFIT written by Zbigniew Kisiel. 64 The r 0 values are unique up to an inversion of all signs for any of the a, b, or c coordinates.
__________________________________________________________________________
Discussion
As can be seen in Figure 3 , the trans-NO 2 dimer is better described as NO-NO 3 The change in the electronic structure upon forming the t-N 2 O 4 from the NO 2 monomers is also evident from the changes in the quadrupole hyperfine constants. The  values are nearly the same for the singly substituted species as for the parent, which is consistent with the small calculated rotation of the inertial axes (< 1 mrad) upon isotopic substitution.
An interesting observation is that we have not yet been able to assign any transitions to the cis dimer. Liu and Goddard′s calculations 5 predict this form to be less stable (H 298K ) than the trans dimer by 2.0 kcal/mol, which in turn is predicted less stable than the symmetric dimer by 7.7 kcal/mol. The ANO0/CCSD(T) calculation predict H 0K = 2.1 and 6.8 kcal/mol for the enthalpy differences for the trans-to-cis and the symmetric-to-trans dimer isomerizations. Direct formation of the trans dimer from the monomers is predicted by Liu and Goddard to have an activation enthalpy barrier of 13.2 kcal/mol and 43.9 kcal/mol from the symmetric dimer, but only 2.4
kcal/mol from the cis dimer minimum. The transition state between cis and trans dimers has an enthalpy 1.8 kcal/mol, energy 1.2 kcal/mol, below the monomers. Formation of the cis dimer from monomers is calculated to have an activation enthalpy of 1.3 kcal/mol (energy barrier 1.9
kcal/mol), so an initially formed cis dimer is predicted to have sufficient internal energy to isomerize to the more stable trans dimer unless the third body in the recombination collision takes more than 43% of the energy released upon cis complex formation. At 298 K, the equilibrium for the reaction cis  trans is predicted to have an equilibrium constant of 50 and can be expected to grow rapidly as the expansion cools the gas, so the lack of cis dimers is rationalized. Based upon the calculated free energy of the trans dimer, only about 0.3 ppm of the NO 2 molecules should be in the trans dimer well prior to the expansion, so we can presume that the signals we observe are not due to trans dimers already present in the gas prior to expansion. The 1.9 kcal/mol calculated energy barrier to formation of an asymmetric N 2 O 4 from two isolated NO 2 molecules suggests that formation of this molecule is unlikely in a jet expansion since there is a e 
Supplementary Material
See supplementary material for a complete listing of all assigned rotational transitions, along with residuals of fits to the Spectroscopic constants given in Tables 1 and 2 .
